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ABSTRACT
Context. The Hubble and Spitzer Space Telescope surveys of the Frontier Fields provide extremely deep images around six massive,
strong-lensing clusters of galaxies. The ALMA Frontier Fields survey aims to cover the same fields at 1.1mm, with maps reaching
(unlensed) sensitivities of <70 µJy, in order to explore the properties of background dusty star-forming galaxies.
Aims. We report on the multi-wavelength photometric analysis of all 12 significantly detected (>5σ) sources in the first three Frontier
Fields clusters observed by ALMA, based on data from Hubble and Spitzer, the Very Large Telescope and the Herschel Space
Observatory.
Methods. We measure the total photometry in all available bands and determine the photometric redshifts and the physical properties
of the counterparts via SED-fitting. In particular, we carefully estimate the far-infrared (FIR) photometry using 1.1 mm priors to limit
the misidentification of blended FIR counterparts, which strongly affect some flux estimates in previous FIR catalogs. Due to the
extremely red nature of these objects, we used a large range of parameters (e.g. 0.0 < Av <20.0) and templates (including AGNs and
ULIRGs models).
Results. We identify robust near-infrared (NIR) counterparts for all 11 sources with Ks detection, the majority of which are quite red,
with eight having F814W − Ks & 4 and five having F160W − [4.5] & 3.From the FIR point of view, all our objects have zphot∼1–3,
whereas based on the optical SED one object prefers a high-z solution (z ≥ 7). Five objects among our sample have spectroscopic
redshifts from the GLASS survey for which we can reproduce their SEDs with existing templates. This verification confirms the
validity of our photometric redshift methodology. The mean redshift of our sample is zphot=1.99±0.27. All 1.1 mm selected objects
are massive (10.0< log[M?(M)] < 11.5), with high star formation rates (< log[S FR(M/yr)] >≈1.6) and high dust contents (8.1
< log[Mdust(M)] <8.8), consistent with previous ALMA surveys.
Key words. galaxies: distances and redshifts, photometry - infrared: galaxies - methods: data analysis
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1. Introduction
In 2013, the Hubble Space Telescope (HST) initiated the Fron-
tier Fields survey (Lotz et al. 2017), with observations of six
massive clusters to unprecedented depths, with the goal of im-
proving our understanding of faint galaxies in the high-z Uni-
verse. Thanks to this new legacy program, the number of z>6.5
candidates has significantly increased (Atek et al. 2015, Ishigaki
et al. 2015, Laporte et al. 2014, Laporte et al. 2015), allowing
tighter constraints on the physical properties of the first galaxies
(Kawamata et al. 2015, Laporte et al. 2017) up to very high-
redshifts (Infante et al. 2015, Zitrin et al. 2014). The exquisite
data allow constraints on many types of z∼1–3 galaxies as well.
The ALMA Frontier Fields survey (ID 2013.1.00999.S, PI: F.
Bauer) was designed to produce deep ≈2′.1×2′.2 maps at 1.1mm
covering the HST/WFC3 fields-of-view for all six clusters. In
the first phase, we have produced these maps for Abell 2744
(hereafter A2744), MACSJ0416.1-2403 (hereafter M0416) and
MACSJ1149.5+2223 (hereafter M1149), with unlensed sensitiv-
ities of 55, 59 and 71 µJy/beam respectively. Recently González-
López et al. (2017) reported a list of twelve 1.1 mm continuum
detections in these three clusters. We report here on the photo-
metric analysis of all 1.1 mm continuum detections, combining
data from the HST, VLT, Spitzer and Herschel observatories.
Our aim is to place these 12 ALMA-FF detections in con-
text compared to the brighter submillimeter (submm) and FIR-
detected sources that have been extensively studied to date (e.g.,
Smail et al. 1997; Barger et al. 1998; Magnelli et al. 2012; Vieira
et al. 2013; Simpson et al. 2014; Chen et al. 2015) and ultimately
to understand what role dusty star-forming galaxies (DSFGs)
play in the evolution of massive objects over cosmic time (e.g.,
Casey et al. 2014).
In section 2 we present the properties of all datasets used to
constrain the spectral energy distributions (SEDs) of the ALMA
sources. We explain our search for optical/NIR counterparts in
section 3. The extraction of their photometry is described in sec-
tion 4. The physical properties of these objects, including their
photometric redshifts, reddening and star formation rates, are re-
ported in section 5. Throughout this paper, we use a concordance
cosmology (ΩM = 0.3, ΩΛ = 0.7 and H0 = 70 km/s/Mpc), all
magnitudes are quoted in the AB system (Oke & Gunn 1983)
and all significances refer to reduced values of χ2ν .
2. Multi-wavelength Data
In this section, we describe all the data – from the Hubble, VLT,
Spitzer, Herschel observatories – that were used in the analysis
of the ALMA detected sources.
We used ACS F435W, F606W, F814W and WFC3 F105W,
F125W, F140W, F160W-filter images obtained within the
framework of the Frontier Fields (FFs) legacy survey and re-
duced by the Space Telescope Science Institute. All HST sur-
vey data acquired in these fields (IDs 14041 PI: P. Kelly; 13495,
13496, 13504 PI: J. Lotz; 13386 PI: S. Rodney; 12459 PI: M.
Postman; 11689 PI: R. Dupke) were retrieved from the STScI
Mikulski Archive for Space Telescopes (MAST), where we use
the final full-depth v1.0 mosaics that were produced by the Fron-
tier Fields Team at STScI, using the latest calibration files for
each cluster1. Limiting magnitudes were estimated from 0′′.4 ra-
dius apertures distributed all over the field.
We took benefit of the deep Ks images obtained with
HAWK-I/VLT (Kissler-Patig et al. 2008) around A2744 and
1 https://archive.stsci.edu/prepds/frontier/
M0416 as part of ESO program 092.A-0472 (PI: G. Brammer,
Brammer et al. 2016a). We estimated limiting magnitudes from
the rms measured in 0′′.4 apertures distributed over the field. We
applied aperture corrections of 1.48 and 1.41, respectively for
the A2744 and M0416 images (Brammer et al. 2016b).
We used images acquired with the IRAC and MIPS in-
struments onboard the Spitzer Space Telescope covering wave-
lengths from ≈ 3.6–24 µm for A2744 and 3.6–4.5 µm for M0416
and M1149 (where no 5.8, 8.0 and 24 µm data are available).
The reduction of the A2744 and M0416 images at 3.6 and 4.5
µm are described in detail in Laporte et al. (2014) and Laporte
et al. (2015), while further details on the reduction of IRAC data
at 3.6 and 4.5 µm for M1149 will be provided in Zheng et al.
(in prep.). We additionally used the public SEIP Super Mosaic
images from the Spitzer Heritage Archive at 5.8, 8.0 and 24µm
for A2744. We measured 5σ limiting depths using 1′′.2 radius
apertures distributed over the entirety of the blank sky in each
image.
All three clusters were also observed by the Herschel Space
Observatory (Pilbratt et al. 2010) within the framework of
the Herschel Lensing Survey2 (HLS; IDs KPOT_eegami_1,
OT2_eegami_5; Egami et al. 2010). We used the publicly avail-
able images reduced by HLS for A2744 and M1149, and the
level 2.5 PACS and level 3 SPIRE maps processed by the Her-
schel Science Centre for M0416, to add photometric constraints
on the SEDs of the ALMA detected sources between ≈85–
600 µm. We measured the 5σ depths of these images using aper-
tures set to the beam size in each band (see Table 1). We applied
aperture corrections to the SPIRE photometry assuming spectral
indices ranging from -4 to 4 and using values tabulated in the
SPIRE Handbook.
The properties of our dataset are summarized in Table 1.
3. Search for NIR-counterparts
The identification of optical-NIR counterparts to bright
submm/mm sources has been extensively discussed (e.g. Smail
et al. 2002, Frayer et al. 2004, Chapman et al. 2010, Smith et al.
2011). Thanks to the ALMA beam size, the number of possi-
ble counterparts is strongly reduced compared to typical single-
dish bolometer surveys. For the ALMA-FF survey, we princi-
pally searched for NIR counterparts using the deep HST F160W
images, since the 1.1 mm sources are likely to lie at z>1 and
be relatively red. We examined all the sources residing within a
circle centered on the ALMA position with a radius of 2× the
ALMA average FWHM of the synthesized beam (i.e., 1′′.1–2′′.3)
as measured in González-López et al. (2017); these values were
chosen to account for potential offsets between stellar and dust
emission (e.g., Hodge et al. 2013; Wiklind et al. 2014).
We refer the reader to Fig. 11 of González-López et al.
(2017), where the positional offsets are already presented. Re-
markably, for all but one of the >5σ sources, there is a clear
near-IR counterpart within .0′′.2 of the ALMA position. More-
over all these counterparts have characteristically red colors, as
might be expected for DSFGs selected from ALMA maps (e.g.,
Smail et al. 2002; Dannerbauer et al. 2004; Wang et al. 2012;
Chen et al. 2016). It is more difficult to determine an NIR coun-
terpart for A2744-ID02, which is not centered on a strong NIR
source. Two faint NIR objects formally reside inside the 1′′.1
search circle, although neither is well aligned with the ALMA
position, which appears to lie in between the counterparts. Both
A2744-ID02 candidates have red colors, similar to the rest of the
2 http://herschel.as.arizona.edu/hls/hls.html
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Table 1: Properties of the multi-wavelength dataset.
Filter λc δλ A2744 M0416 M1149 Instrument Aperture
[µm] [µm] [AB] [AB] [AB] [”]
F435W 0.431 0.073 28.8 28.7 28.4 ACS 0.4
F606W 0.589 0.157 28.8 28.9 28.7 ACS 0.4
F814W 0.811 0.166 29.1 29.2 28.9 ACS 0.4
F105W 1.050 0.300 29.6 29.6 29.5 WFC3 0.4
F125W 1.250 0.300 29.4 29.3 29.4 WFC3 0.4
F140W 1.400 0.400 29.4 29.3 29.2 WFC3 0.4
F160W 1.545 0.290 29.3 29.3 29.4 WFC3 0.4
Ks 2.146 0.324 26.2 26.3 - HAWK-I 0.4
3.6µm 3.550 0.743 25.1 25.6 25.0 IRAC 1.2
4.5µm 4.493 1.010 25.3 25.7 25.0 IRAC 1.2
5.8µm 5.738 1.256 22.7 - - IRAC 1.2
8.0µm 7.927 2.831 22.6 - - IRAC 1.2
24µm 23.843 53.245 18.8 - - MIPS 7.5
Blue 71.933 22.097 - - 13.4 PACS 5.2
Green 102.62 35.686 15.1 14.8 13.8 PACS 7.7
Red 167.13 74.954 13.4 14.1 13.6 PACS 12
PSW 251.50 67.615 13.9 13.3 13.9 SPIRE 22
PMW 352.83 95.756 13.4 13.5 13.5 SPIRE 30
PLM 511.61 185.672 13.4 13.4 13.4 SPIRE 42
Columns: (1) Filter ID, (2) Central Wavelength, (3) FWHM, (4,5,6) 5σ limiting magnitude for the 3 clusters, (7) Instrument, (8)
Aperture radius in which the depth is measured
ALMA-FF sources. Intriguingly, there is faint diffuse F160W
emission extending between the two NIR counterparts, and the
resolved ALMA emission appears to be elongated roughly coin-
cident with a suppression in the F160W emission. This suggests
that the ALMA source may arise from a dusty region that divides
these two F160W sources, which may represent less-obscured
clumps from a single extended object with variable and strong
extinction (see Fig. 1). Interestingly, in the Ks and IRAC 3.6–
8.0 µm images, the flux at the ALMA position increases relative
to the two F160W sources as wavelength increases, such that
by 8 µm the peak emission is in fact centered almost exactly on
the ALMA position. For the purposes of SED-fitting, we adopt
the nearest NIR counterpart for A2744-ID02, but caution that the
true SED at the ALMA position may suffer significantly stronger
extinction.
The optical-NIR counterparts for all the ALMA >5σ detec-
tions are displayed on Fig. 1.
One interesting point to consider with regard to the posi-
tional offsets, first noted by Wiklind et al. (2014), is that the cen-
tral positions of the submm and optical/NIR emission may not
coincide due to strong dust extinction, an effect which should
increase with increasing redshift since bluer emission is more
easily extincted. While A2744-ID02 is a rather obvious case, in
fact we find that such offsets are present for a large majority
of the ALMA-FFs sample, where in nine out of 12 cases (i.e.,
A2744-ID01, A2744-ID02, A2744-ID03, A2744-ID04, A2744-
ID06, A2744-ID07, M0416-ID02, M0416-ID03, and M0416-
ID04) the ALMA centroid position falls on a relatively darker
region of the counterpart galaxy (see Fig. 1, as well as Fig. 11
and Table 6 of González-López et al. 2017). This physical effect
is likely the dominating term in the measured offsets.
4. Photometry
The photometry of the identified counterparts from the optical
(HST) to the FIR (Herschel) was estimated as follows.
4.1. Hubble Space Telescope
In 2016, the AstroDeep project released a first version of photo-
metric catalogs based on Frontier Fields images of A2744 and
M0416 obtained with ACS/HST, WFC3/HST, HAWKI/VLT and
IRAC/Spitzer (Merlin et al. 2016, Castellano et al. 2016). In their
analysis, they remove foreground emission from intra-cluster
light and bright galaxies. Most of our targets, excepted A2744-
ID02, are in these catalogs and, in the following, we will use
the HST photometry they extracted for each source. However,
for a few objects, our visual inspection demonstrates that some
detections or non-detections in ACS images are not correct in
the AstroDeep catalog. For example: A2744-ID04 appears unde-
tected to >27.8AB in F606W while AstroDeep has a detection
of 24.9AB; A2744-ID06 is detected in F606W at 26.75AB but
undetected in AstroDeep; A2744-ID07 is not detected in F606W
at >29.8AB yet has detection in AstroDeep; and M0416-ID03 is
clearly not detected at F606W to >29.2AB while an AstroDeep
detection of mF606W ∼26.8 is claimed (see Fig. 1). For all the ob-
jects, we updated the detection/non-detection according to our
visual inspection.
For the two sources that are not included in AstroDeep cata-
logs, A2744-ID02 and M1149-ID01, we used SExtractor v2.19.5
(Bertin & Arnouts 1996) in double image mode on PSF-matched
HST data using a sum of WFC3 data as the detection image. We
set the extraction parameters, taking into account the FWHMs of
the ACS and WFC3 images, as follows:
– DETECT_MINAREA : 5 pixels above the threshold
– DETECT_THRESHOLD : 1.5σ
– DEBLEND_NTHRESH : 32 deblending sub-thresholds
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F435W F606W F814W F105W F125W F140W F160W Ks 3.6𝜇m 4.5𝜇m ALMA
contours
A2744-ID01
A2744-ID02
A2744-ID03
A2744-ID04
A2744-ID05
A2744-ID06
A2744-ID07
M0416-ID01
M0416-ID02
M0416-ID03
M0416-ID04
M1149-ID01
Fig. 1: Thumbnail images of the optical/NIR counterpart for each ALMA >5σ source. Image sizes are 9′′×9′′. From left to right,
the columns denote HST filters F435W, F606W, F814W, F105W, F125W, F140W, and F160W, Spitzer IRAC filters 3.6 µm and
4.5 µm, and lastly a color image composed of HST filters F814W (blue), F105W (green) and F160W (red), with green contours
denoting 1.1mm emission detection at 4, 6, 8, 10, and 12 σ. Red circles are centered on the ALMA centroid position and denote
the search radius employed (1′′.1 for A2744, and 2′′.3 for M0416 and M1149). As described in the text, A2744-ID02 has multiple
counterparts, we used the counterpart highlighted by the red circle to estimate its SED
– DEBLEND_MINCONT : 0.005 (contrast for deblending)
The number of detections per field is ∼7000, 9000 and 16000, re-
spectively, for A2744, M0416 and M1149 over the ≈2′×2′ field
of view. We estimate aperture corrections by comparing the flux
measured in a Kron aperture defined by a Kron factor of 1.2
and a minimum radius of 1.7 with the SExtractor MAG_AUTO
(Bouwens et al. 2007) and averaged for ≈30 point-like objects
distributed over the field in each band. Error bars are estimated
from the RMS measured in several apertures distributed over the
field and take into account uncertainties on the zero-point.
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4.2. Ground-based Telescopes
The photometry of our objects in the deep Ks images obtained
with HAWK-I/VLT was measured using 0′′.4 radius apertures
with the IRAF NOAO daophot package. In order to estimate
the total flux belonging to our objects, we applied aperture cor-
rections as described in Brammer et al. (2016a). We computed
error bars based on the blank-sky noise measured in the vicinity
of each object using the same sized aperture.
4.3. Spitzer Space Telescope
To complement the HST dataset, deep Spitzer/IRAC channel 1
and 2 images, which correspond to 3.1–3.9 and 3.9–5.0 µm, re-
spectively, were acquired for A2744 (Zheng et al. 2014), M0416
(Infante et al. 2015) and M1149 (Zheng et al. 2016, in prepara-
tion). We also analyzed the IRAC channel 3 and channel 4 data
of A2744 , which correspond to bandwidths of 4.8–6.5 and 6.2–
9.3µm, respectively. The IRAC images of our candidates suffer
from crowding in some cases due to the instrument’s large point
spread function (PSF, FWHM ∼1′′.9–2′′.0), such that simple aper-
ture photometry occasionally results in inaccurate fluxes due to
contamination from nearby sources. To address this issue, we
adopt a deblending technique with the help of the GALFIT soft-
ware (Peng et al. 2010). In this method, we perform a fit to the
objects of interest and all their nearby neighbors simultaneously
in a ∼10′′×10′′ fitting window around the target. All the sources
falling in this window are fitted with PSF models or Sersic mod-
els when necessary. The PSF is determined from the same IRAC
image using several nearby bright, isolated point sources. The
initial positions and profiles of each model source are derived
from the higher resolution HST F160W-band mosaic images.
During the fitting process, all input parameters are allowed to
vary, while the relative positions of the objects are tied together.
We also used GALFIT to extract fluxes for our objects in the
MIPS 24µm image of A2744. We modeled and removed all the
nearby sources assuming a Sersic profile, and then measured the
remaining flux for each object in the residual map in a 7′′.5 aper-
ture. We then applied aperture corrections to obtain total fluxes
according to the MIPS User Manual.
Finally, we compared the colors and photometry measured
here for all 1.1mm sources detected on ALMA maps of A2744
and M0416 against those from the AstroDeep catalogs. We
find consistency for nearly all measurement within the errors
(excepted for the ACS detection/non-detection highlighted in
section 4.1) , confirming the method we used to extract HST,
HAWK-I and Spitzer photometry.
4.4. Herschel Space Observatory
The data from PACS (100/160 µm) and SPIRE (250/350/500
µm) for all three clusters were taken in the framework of the
HLS (Egami et al. 2010). However, HLS only provides pub-
licly reduced data for A2744 and M1149, so level 2.5 PACS and
level 3 SPIRE images for M0416 were obtained from the Her-
schel archive. The astrometry of the Herschel images was fixed
to match the point sources in the IRAC and MIPS images for
A2744, and the IRAC images for M0416 and M1149.
Because of the large beam sizes of the Herschel instruments,
several blended sources can account for the emission observed
within one beam, making it difficult to measure the true flux den-
sity of a given galaxy.
The photometry was thus obtained as follows: the positions
of the ALMA detected sources were used as priors for the to-
tal emission in the PACS and SPIRE images. In a few cases,
additional priors were required to account for all of the emis-
sion in the PACS bands, based on bright IRAC or MIPS sources
that were added by hand. This assumption is reasonable since
at longer wavelengths, where the blending is higher, the 1.1 mm
emission should be a good indicator of which galaxies are re-
sponsible for the far-IR emission. At the same time, at the shorter
wavelengths, the 1.1 mm emission might not provide as reliable
a guide. This effect is contrasted by the fact that at shorter wave-
lengths the blending problems are less important since the beam
sizes are smaller.
The flux density was measured by fitting the observed emis-
sion in each image with a set of point sources (modeled with the
beam response) located at the positions of the priors. The flux
corresponding to each point source was left to vary following
an MCMC sampler. The observed emission was fitted by all the
sources at the same time. This step was critical to sample the
degeneracy and associated uncertainties produced when emis-
sion from nearby FIR-bright sources fell within the beam of the
ALMA sources. The best solutions were obtained by using max-
imum likelihood estimations with the provided uncertainties as
Gaussian errors. The flux densities for the sources were obtained
from the posterior probability distribution of the fluxes for each
of the point sources used in the fitting procedure. The quoted flux
densities correspond to the median value of the distribution and
the errors encompass the 1σ range. Sources with flux density
values lower than 3 times the measured sigma range are consid-
ered non-detections and 3σ upper limits are provided instead.
In some cases, the 1σ values obtained from the posterior proba-
bility distribution were smaller than the rms uncertainties found
from blank-sky regions of the images. In such cases, the errors
were obtained by combining the aforementioned uncertainties in
quadrature.
A thorough investigation of the available Herschel data for
the FFs has already been presented in Rawle et al. (2016), which
provides an extremely valuable comparison sample. We cau-
tion that our photometry differs from that presented in Rawle
et al. (2016), mainly due to the different approaches taken. A
critical point here is that among the twelve high-significance
ALMA-FF detections, only five have counterparts which were
previously identified in the Herschel study. Thus while we fit
the SPIRE emission assuming a principal association with the
detected ALMA sources, Rawle et al. (2016) typically identify
bright galaxy counterparts based on IRAC, MIPS 24 µm and
PACS 100 µm locations and assume all of the SPIRE emission is
associated with these. As the majority of the Rawle et al. (2016)
identifications have z.1, their FIR SEDs should peak at 100–
200 µm and contribute only weakly beyond 350 µm. The ALMA
1.1 mm sources, by contrast, are likely to lie at z&1 and con-
tribute substantially at ∼250–500 µm; thus they are critical to
use as priors for deblending the SPIRE emission. Without ac-
counting for differences in the fitting methods themselves, the
main differences come from the number of sources used for the
deblending and the identification of such sources.
The differences in the FIR fitting methodology are most
significant in cluster A2744, which has the highest number of
ALMA-detected sources. Figure 2 compares the spatial distri-
butions of the Rawle et al. (2016) counterparts and ALMA-
detected sources. The SPIRE 500 µm contours (cyan) are well-
aligned with the ALMA 1.1 mm sources. The shift in prior po-
sitions results in very different deblended SPIRE flux densities
for the associated galaxies, with a number of the Rawle et al.
(2016) sources changing from strong SPIRE detections to up-
per limits. In Fig. 3, we show a second example, this time of
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Fig. 2: HST color image (F814W as blue, F125W as green, and F160W as red) showing the NW corner of the galaxy cluster
A2744. The red squares denote the FIR counterparts found by Rawle et al. (2016), while the yellow circles correspond to the
ALMA detected sources. The green, cyan, and magenta contours show emission in the ALMA 1.1 mm, SPIRE 500 µm, and PACS
100 µm images, respectively. The low overlap (∼40%) between the PACS and ALMA samples highlights the potential difficulty and
disconnect of making identifications based on mid-IR priors combined with low resolution and blended Herschel imaging alone.
The resulting deblended photometry can be very different when longer wavelength counterparts are incorporated into the process.
In particular, a large fraction of the SPIRE 500 µm emission shown here arises from the ALMA-detected counterparts and not from
the PACS-detected ones.. As in Fig. 1, the ALMA 1.1mm green contours start at 4σ (220 µJy/beam) and increase in 2 σ increments
(110 µJy/beam). The SPIRE 500µm cyan contours start at 0.005 Jy/beam and increment by 0.0034 Jy/beam. And the PACS 100µm
magenta contours start 0.08 Jy/beam and increment by 0.12 Jy/beam.
a relatively isolated Herschel source from Rawle et al. (2016)
in A2744. The FIR emission had been assigned to the optically
bright galaxy denoted by the red square to the left, while the
optically faint, red galaxy beneath the green ALMA contours
to the right corresponds to ALMA source A2744-ID02 (one of
the brightest 1.1 mm sources detected in the A2744 mosaic).
Given the estimated redshift (see §5), it is very probable that
the vast majority of the FIR emission in Fig. 3 is associated
with A2744-ID02 rather than the Rawle et al. (2016) counterpart.
These cases demonstrate how critical long-wavelength observa-
tions can be for the deblending of complex SPIRE emission.
Ideally, higher frequency ALMA observations, well-matched to
the SPIRE bands, would allow us to remove fully the remaining
modeling degeneracies and more firmly establish the fraction of
emission associated with the ALMA and PACS counterparts, re-
spectively.
5. Physical properties
In the following section, we estimate photometric redshifts for
the ALMA detected sources based on SED-fitting. We indepen-
dently consider two sets of photometry, in order to investigate
degeneracies that arise when only a portion of the SED is as-
sessed:
– HST F435W to IRAC 8.0 µm bands (NIR-SED)
– MIPS 24 µm to ALMA 1.1 mm (FIR-SED)
We then attempt to fit complete SEDs from 0.4 µm to 1.1 mm,
and conclude with a discussion of the most reliable photometric
redshifts and basic properties of the ALMA-FF DSFGs.
5.1. Photometric redshifts
As already demonstrated by several authors (e.g. Boone et al.
2011) the estimated physical properties, and more especially
the photometric redshifts, of sources detected at sub-mm wave-
lengths can strongly differ according to the wavelength range
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Fig. 3: HST color image showing the vicinity of A2744-ID02, highlighting the potential for misidentification of FIR counterparts
even for relatively isolated objects. Symbols and contours same as Fig. 2, with the addition of red contours denoting emission at
160 µm. PACS 160µm contours start at 0.08 Jy/beam and increments by 0.16 Jy/beam. While the 100 µm contours are offset
from A2744-ID02, the 160 µm (and all longer wavelength) emission is centered on the ALMA source, indicating that most of the
FIR emission assigned to the galaxy denoted by the red square in fact is likely to be associated with the ALMA-detected galaxy.
considered in the SED-fitting analysis. The ALMA-FF DSFGs,
however, are probing an order of magnitude fainter in flux, and
thus it is useful to understand how this affects such biases.
We used an updated version of Hyperz (Bolzonella et al.
2000) to estimate the photometric redshifts of these sources. We
define the parameter space as follows. We consider a redshift
range from 0.0–6.0, since all our objects are detected on the
HST F814W and/or F105W images. The reddening interval is
defined between Av=0.0–20 mag, considering that some ALMA-
detected sources could be strongly affected by dust (e.g., A2744-
ID02). We adopt a template-based method using template li-
brary models from Fioc & Rocca-Volmerange (1997), Silva et al.
(1998), Bruzual & Charlot (2003), Coleman et al. (1980), Kin-
ney et al. (1996), Polletta et al. (2007), Michałowski et al. (2010)
and Chary & Elbaz (2001). We also added to our library ULIRG
templates published in Vega et al. (2008), and three templates
built from the ALESS survey (da Cunha et al. 2015).
We first derive photometric redshifts using only the wave-
length range ≈0.4–8 µm. The majority of our objects display
a best SED-fit at z≤3, and only one detected source, namely
A2744-ID04 prefers a z &4 solution. Interestingly, none of the
ALMA-detected sources has a best NIR-SED-fit corresponding
to one of the ULIRGs templates in our library.
We then estimated photometric redshifts of the ALMA-FFs
sources using only the FIR-SEDs with templates covering the
FIR peak (e.g., Polletta et al. 2007). A caveat here is that most
of the sources have few robust constraints in the FIR, making it
more difficult to estimate FIR photometric redshifts. Therefore,
we considered two different approaches to fit the FIR-SEDs:
– using the true upper limits as measured from the MIPS,
PACS, and SPIRE data. In that case, the flux in these bands
are set to Fobs = 0 with an error bar equal to the limiting
flux;
– setting the flux in each FIR band to half of the 3σ upper
limits and the error bar set to 50% of the 3σ limit, consid-
ering that each ALMA source is the main contributor to the
FIR flux and the true flux lies just below the detection limit
("pseudo-detections"). By forcing the limits to be detections,
we are assigning a different weighting to the error distribu-
tion. Given that adjacent bands have detections, we expect
the true flux to be closer to the upper limit than to zero.
Four objects could not be fitted properly due the small number of
constraints in the FIR (namely A2744-ID2, A2744-ID3, A2744-
ID05 and M0416-ID04) and the estimates for these sources are
more uncertain. All the remaining objects are well fitted at z∼2–
3 with no object above z∼3.5. Table 2 provides results for all
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sources. We note that based on the reduced χ2ν , fits using the
true upper limits (except for A2744-ID07 and M1149-ID01) are
better.
Finally we used the combined NIR+FIR SED constraints
to estimate photometric redshifts, again considering FIR con-
straints in two ways: true upper limits and pseudo-detections as
described above. For about 85% of our sample, the photometric
redshift estimates are consistent with those found for the FIR-
SEDs alone, but with higher reduced χ2ν . For the remaining ob-
jects, the lack of good photometric templates spanning the full
range of wavelength explored in this study leads to worse fits
than with the NIR-SEDs or FIR-SEDs alone.
By combining the results obtained using the three dif-
ferent SED-fitting trials (NIR-SED, FIR-SED and combined
NIR+FIR-SED), and assuming that the FIR shape provides
strong clues on the true photometric redshift of our sources (e.g.,
Boone et al. 2011; Laporte et al. 2011), we obtain reasonable es-
timates on the photo-z for all our sample. We applied the follow-
ing procedure in order to estimate the best photometric redshift
of our targets :
– Estimate photo-z from NIR-SED, FIR-SED, and FULL-SED
– If reduced χ2ν of NIR-SED and FULL-SED are > 2, then
adopt FULL-SED, which may have worse χ2ν but at least has
very wide range of possible values likely to encompass real
redshift.
– If χ2ν <2, and NIR-SED and FULL-SED provide consistent
ranges, adopt one with lowest χ2ν
– If χ2ν <2 but NIR-SED and FULL-SED are not consistent
within ranges, adopt one that is consistent with FIR-SED.
– If χ2ν < 2 but no estimates are consistent, adopt FIR-SED,
which may have worse χ2ν but at least has very wide range of
possible values likely to encompass real redshift.
Two objects among our sample have a FIR-SED not well fitted
(reduced χ2ν >2.0), namely A2744-ID06 and M0416-ID01. For
these two objects, we applied the previous procedure but we keep
in mind that the deduced properties for A2744-ID06 are subject
to caution (M0416-ID01 has a secure spectroscopic redshift, see
below) .
The combined results are listed in Table 2 and are used to es-
timate further properties of the ALMA sources listed in Table 4.
As a crosscheck on the reliability of our photometric redshift
estimates, we used another SED-fitting tool, iSEDfit (Moustakas
et al. 2013), on the NIR-SED. We find general consistency be-
tween the Hyperz and iSEDfit results.
5.2. Spectroscopic Redshifts
All of the FFs clusters have been observed within the framework
of the Grism Lens-Amplified Survey from Space project (here-
after GLASS - Cycle 21 ID : 13459, PI: T. Treu) combining three
HST grisms: G800L, G102 and G141 (Treu et al. 2015, Schmidt
et al. 2014). We compared the redshift catalogs released by the
team for A2744, M0416, and M1149 to our photometric red-
shifts. Among all the ALMA-FFs DSFGs presented here, only
five objects have GLASS redshifts:
– A2744-ID01: the best photometric redshift is zphot=2.95+0.45−1.82
while GLASS obtains a low-quality spectroscopic redshift of
zspec∼2.9 based on a "red continuum" feature. These are in
relatively good agreement.
– A2744-ID02: the best photometric redshift is zphot=2.02+0.18−0.88,
while GLASS obtains a good-quality spectroscopic redshift
of z=2.482 based on the detection of the 4000Å break. The
GLASS redshift is inconsistent with our photometric estimate
from the NIR-SED (Fig. 11).
– M0416-ID01: the best photometric redshift is zphot=2.23+0.07−0.03
based on the NIR+FIR SED, while GLASS obtains a high-
quality spectroscopic redshift of z=2.086 based on the detec-
tion of the [Oiii], Hβ and [Mgii] emission lines. The GLASS
spectrum classifies this object as an AGN and is consistent
with the photometric redshifts deduced from both the NIR-
SED and NIR+FIR SED fits (Fig. 11).
– M0416-ID02: the best photometric redshift is
zphot=2.13+0.33−0.36, while GLASS obtains a good-quality
spectroscopic redshift of zspec=1.953 based on the detection
of the 4000Å break. These are in relatively good agreement.
– M1149-ID01: the best photometric redshift is
zphot=1.12+1.18−0.61, while GLASS obtains a good-quality
spectroscopic redshift of zspec=1.460 based on the detection
of the 4000Å break. The GLASS redshift is relatively
consistent with the photometric redshift we estimated from
all the photometric constraints we used in this study.
Based on the above, we adopt GLASS redshifts where available
and use our best zphot estimates otherwise.
Figure 4 compares the redshift distribution of the ALMA-
FFs DSFGs with those from several previous ALMA-selected
samples (da Cunha et al. 2015; Dunlop et al. 2016; Aravena
et al. 2016). The ALMA-FFs sample span a moderate redshift
range between 1.0–2.9, with a mean photometric redshift of
<zphot>=1.99±0.27, where the error bar reflects the standard de-
viation. Given the small number statistics, this value is consis-
tent with what has been found in deep ALMA imaging of the
Hubble Ultra Deep Field (HUDF) reaching a 5σ limit of 175
µJy (<z>=2.1±1.0; Dunlop et al. 2016) and the extremely deep
ALMA Spectroscopic Survey in the HUDF (ASPECS) reaching
a 5σ limit of 65 µJy (e.g., <z>=1.6±0.4; Aravena et al. 2016).
Such an evolution in the mean redshift distribution of DSFGs
as a function of the flux density has been predicted by Béther-
min et al. (2015) using a phenomenological model. Based on
this model, at the observed 5σ limit of ∼0.28-0.35 mJy for the
1.1mm sources in the ALMA-FFs, the expected mean redshift
distribution of our survey is < zphot >∼2.0, which is fully con-
sistent with our result.
5.3. Colors
As mentioned in §3, the majority of the counterparts are quite
red. This is not surprising, given that previous studies have al-
ready demonstrated that DSFGs typically have red optical-NIR
colors in i−K, J−K, K− [4.5], etc., foreshadowing their high-z,
dusty nature (e.g., Smail et al. 2002; Dannerbauer et al. 2004).
The sample of DSFGs detected in the ALMA-FFs clearly fol-
lows these trends, as shown in Fig. 5. We note that eight of the 11
objects with Ks measurements have F814W − Ks & 4 (the clas-
sic extremely red object cut) and four have F160W − [4.5] & 3
.
Chen et al. (2016, hereafter C16) recently investigated the
use of color selection to isolate DSFGs, settling on the Opti-
cal–IR Triple Color (OIRTC) method using z − K, K − [3.6],
and [3.6] − [4.5] colors to select most optimally submm/mm
detected counterparts. The accuracy (Nconfirmed/Nselected∼90%)
and completeness (Nconfirmed/Ntotal∼50%) of the dynamic OIRTC
method in the C16 study rivals that of the more traditional ra-
dio identification (e.g., Richards 1999), but beneficially can se-
lect fainter near-IR sources. Intriguingly, only three of the 11
ALMA-detected galaxies in the FFs satisfy the nominal OIRTC
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Table 2: Photometric Redshift Estimates for the ALMA-FFs Sources
NIR-only constraints NIR+FIR constraints FIR-only constraints
ID RA DEC (Upper limits) (detection) (Upper limits) (detection)
[J2000] [J2000] zphot χ2ν 1σ zphot χ
2
ν 1σ zphot χ
2
ν 1σ zphot χ
2
ν 1σ zphot χ
2
ν 1σ
A2744-ID01 00:14:19.8 −30:23:07.6 2.95? 0.41 2.50 - 4.77 2.46 0.64 2.2 - 2.3 3.11 0.66 2.19 - 3.34 3.69 0.64 2.46 - 5.00 1.53 0.54 0.47 - 5.74
A2744-ID02 00:14:18.2 −30:24:47.3 1.35 1.94 1.31 - 1.41 2.02? 3.44 1.1 - 2.2. 2.02 3.39 1.70-2.20 - - 2.58 - 8.00 3.11 0.05 0.37 - 6.0
A2744-ID03 00:14:20.4 −30:22:54.6 2.52? 0.72 2.07 - 2.75 2.45 1.09 2.32 - 2.53 2.43 0.86 1.76 - 2.59 - - 2.20 - 8.00 1.23 0.20 0.24 - 6.00
A2744-ID04 00:14:17.6 −30:23:00.7 1.21 3.81 0.93 - 1.44 0.79 2.12 0.60 - 1.00 0.79 2.12 0.60 - 0.90 1.44 4.81 1.32 - 1.55 1.02? 1.01 0.93 -1.34
A2744-ID05 00:14:19.1 −30:22:42.2 2.01? 0.28 1.85 - 2.70 2.34 1.74 1.93 - 2.44 1.72 0.64 0.70 - 2.04 - - 2.08 - 8.0 1.24 0.30 0.16 - 6.00
A2744-ID06 00:14:17.3 −30:22:58.7 2.08? 1.33 2.00 - 2.21 1.30 3.58 1.20 - 1.40 1.30 3.57 1.20 - 1.40 2.24 8.81 1.98 - 2.51 2.27 7.63 1.54 - 2.63
A2744-ID07 00:14:22.1 −30:22:49.8 2.95 0.69 2.93-3.04 1.85? 0.41 1.71 - 2.01 1.70 0.54 1.36 - 2.60 2.14 2.45 1.66 - 8.0 1.98 1.55 0.70 - 2.39
M0416-ID01 04:16:10.8 −24:04:47.5 2.23? 1.68 2.20-2.30 1.17 2.64 1.00 - 1.90 1.70 2.76 1.40 - 1.91 1.40 0.51 1.09 - 1.73 1.93 5.72 1.22 - 2.36
M0416-ID02 04:16:07.0 −24:03:59.9 2.13? 1.17 1.77-2.46 1.29 1.43 1.10 - 1.47 1.30 1.55 1.10 - 1.50 1.64 0.43 1.23 - 2.19 2.03 1.96 1.53 - 2.44
M0416-ID03 04:16:08.8 −24:05:22.4 1.34 2.86 1.13 - 1.44 1.29? 1.36 0.90 - 1.40 1.30 1.41 1.00 - 1.40 1.47 0.57 1.01 - 2.08 2.00 1.92 1.60 - 2.34
M0416-ID04 04:16:11.7 −24:04:19.6 2.27? 0.78 1.66 - 2.44 2.07 2.47 1.96 - 2.19 1.61 0.82 1.41 - 2.08 - - 1.26 - 8.00 2.09 0.29 1.78 - 2.39
M1149-ID01 11:49:36.1 +22:24:24.5 1.12? 0.24 0.51 - 2.30 1.24 1.04 1.00 - 1.50 1.22 1.11 1.00 - 1.40,. 1.92 0.27 0.58 - 2.36 1.86 0.17 1.37 - 2.48
Columns: (1) ID; (2,3) RA,Dec ; (4) Photometric redshift, (5) χ2ν , and (6) 1σ confidence interval, respectively, associated with the best fit of the NIR-SED only; (7,8,9) same parameters
for the best fit of the full SED (NIR-SED+FIR-SED) assuming upper limits for the MIPS, PACS, and SPIRE photometry; (10, 11, 12) same parameters for the best fit of the full SED
(NIR-SED+FIR-SED) but forcing a detection in the MIPS, PACS, and SPIRE bands (see text for details); (13, 14, 15) same parameters for the best fit of the FIR-SED only, assuming
upper limits for the MIPS, PACS, and SPIRE photometry; (16, 17, 18) same parameters for the best fit of the FIR-SED only but forcing a detection in the MIPS, PACS, and SPIRE bands
(see text for details).
∗ Preferred solution (see text for details)
Fig. 4: Redshift distributions (photometric or spectroscopic
when available) for the ALMA-FFs sample compared with those
obtained for other deep ALMA imaging surveys: the Hubble Ul-
tra Deep Field (grey, Dunlop et al. 2016); the ALMA Spectro-
scopic sample (green, Aravena et al. 2016) and the ALESS sur-
vey (blue, da Cunha et al. 2015).
color cuts found by C16, with nearly all of the remaining objects
failing the Ks − [3.6] > 1.25 cut in particular (Fig. 5, left panel).
Additionally, half of the ALMA-FFs DSFGs appear redder in
F814W − Ks than the reddest sources in C16, some by at least
∼1–2 mag.
To understand these differences better, we also plot the col-
ors of 767 sources within the ALMA-FFs footprints of clus-
ters A2744 and M0416 from the AstroDeep catalogs, selected
to have >5σ confidence detections in the F160, Ks, and [3.6]
images and stellarity parameters of <0.9 (Fig. 5, right panel).3
Due to the 6.6× larger survey area and 1.7 mag deeper K-
3 There are roughly an equivalent number of additional FFs galaxies
with limits in F160, Ks, and/or [3.6]. However, nearly all of these are
uninteresting in the sense that they are highly unlikely to occupy the
region of color space where DSFGs lie. For visualization purposes and
simplicity, we exclude these from discussion.
band imaging compared to C16, our field galaxy sample is 5–
10 times larger and includes a large number of cluster galaxies
(clumped around F814W − Ks ∼ 1.2 and Ks − [3.6] ∼ −0.8).
Regardless of an ACS (e.g., F814W) detection, only eight field
galaxies fall in the original selection box defined by C16, again
largely due to the Ks − [3.6] cut. As mentioned above, only
three of these are ALMA-detected, implying low selection ac-
curacy (38%) and completeness (27%). However, the full As-
troDeep sample appears displaced in Ks− [3.6] by ∼0.6–1.0 mag
from that of C16, likely due to the different methods adopted
for performing Spitzer IRAC aperture corrections (C.-C. Chen,
private communication). Thus a degree of caution must be ex-
ercised when employing color cut selection blindly. To compen-
sate for this, we recalibrated the OIRTC method of C16 directly
based on the AstroDeep photometry, arriving at new color cuts
of F814W −Ks > 1.2, Ks − [3.6] > 0.6, and [3.6]− [4.5] > 0.16.
Based on these new cuts, 10 ALMA-detected DSFGs are se-
lected among 28 total field galaxies, yielding a formal accuracy
(30%) and completeness (80%). An additional seven objects se-
lected by the new OIRTC cuts are detected at lower significance
(&4σ) in the ALMA maps and another lies within 2′′of A2744-
ID02, implying a higher accuracy (∼65%) at similar complete-
ness, more in line with the values found by C16. For the remain-
ing ten objects selected by the OIRTC cuts, it is not immediately
clear why they lack significant ALMA emission, although they
do show a S/N∼3.8 when stacked in aggregate (R. Carvajal et al.,
in preparation). Given the similarity in stellar properties to the
ALMA detections, they likely represent the less dust-obscured
tail of the parent distribution.
In conclusion, we confirm that the C16 OIRTC method ap-
pears to provide a very efficient way of pre-selecting ALMA-
detected DSFGs.
5.4. Magnification
One of the main advantages of the FFs survey is that several
teams have provided amplification maps for all the clusters, fol-
lowing different assumptions to produce mass models (Merten
et al. 2011; Richard et al. 2014; Johnson et al. 2014; Grillo
et al. 2015; Zitrin et al. 2015). We used Lenstool (Jullo & Kneib
2009) to calculate magnifications for the ALMA DSFGs, adopt-
ing the parameters files defined by the CATS (Cluster As Tele-
scopeS) group, which has incorporated the detection of several
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Fig. 5: F814W − Ks vs. Ks − [3.6] colors for the ALMA-FFs DSFGs (red symbols, both panels). On the left, we compare to
22 ALMA-detected submm galaxies (SMGs, black circles + crosses) and 142 non-SMG field sources (black crosses) presented by
Chen et al. (2016, C16). The nominal OIRTC cuts adopted by C16 are denoted by the dashed region. The ALMA-FFs DSFGs appear
systematically offset from the C16 sample by 0.6–1.0 mag in Ks − [3.6], likely due to different aperture correction choices. On the
right, we compare 11 ALMA-FFs DSFGs to 767 non-stellar >5σ sources from the AstroDeep F160W catalog (black crosses) in the
ALMA footprints of the A2744 and M0416 clusters. Following the prescription in C16, we recalibrate the OIRTC color cuts for the
AstroDeep sample, which are again denoted by the dashed region. In both figures, the 11 objects with detections in Ks are plotted;
two objects, namely A2744-ID04 and M0416-ID04, have similar colors and therefore lie on top of each other in these figures.
hundred multiple images from the ACS and WFC3 FFs datasets
(e.g., Jauzac et al. 2014, 2015). The choice of the CATS mod-
els is supported by their overall performances as discussed in
Meneghetti et al. (2016). We used the photometric redshifts de-
duced from SED-fitting to estimate the magnifications of these
objects, except for objects with robust spectroscopic redshifts
(namely A2744-ID02, M0416-ID01, M0416-ID02 and M1149-
ID01). All these sources have moderate amplification factors (µ),
with only one object at µ > 4. All amplification factors are listed
in Table 3. Because boost from gravitational lensing is relatively
mild for all of our sources, flux determinations and related pa-
rameter estimates for the FFs DSFGs should be relatively robust
(e.g., we are not missing extended flux from the galaxies). We
also used Lenstool to check for the existence of multiple-imaged
candidates, but none were predicted.
Thanks to the mean magnification factor of our sources
(µ=2.16 ±0.44), the ALMA-FFs survey effectively explores the
same luminosity range as the HUDF band 6 survey of Dunlop
et al. (2016). For instance, the 5σ depth of the HUDF is 0.175
mJy, whereas the 5σ depth of our survey ranges between (0.28–
0.35)/µ mJy. However, the effective area of our survey, currently
13.8 arcmin2/µ (ultimately 23 arcmin2/µ through cycle 3), is 1.4
(2.4) times larger than that of the HUDF (4.5 arcmin2).
5.5. Star Formation Rate, Stellar mass, Dust properties and
Size
With photometric and GLASS spectroscopic redshifts in hand
(see section 5.2 for details), we can estimate some physical prop-
erties of our objects such as their SFRs, stellar and dust masses,
reddening and dust temperatures. We use the latest version of
MAGPHYS (da Cunha et al. 2008), adapted to fit the SED of
Fig. 6: Distribution of the stellar masses covered by the ALMA
Frontier Fields survey (red) compared with previous ALMA sur-
veys (da Cunha et al. 2015; Aravena et al. 2016; Dunlop et al.
2016).
high-z sources (da Cunha et al. 2015). For the five objects with
spectroscopic confirmation, the redshifts are fixed and we only
propagate the magnification errors, while for the remaining ob-
jects we estimate 1σ errors from the likelihood distribution of
each parameter including both redshift and magnification uncer-
tainties. Several derived properties are shown on Table 3.
Figure 6 compares the distribution of stellar masses esti-
mated for the ALMA-FFs sample with those estimated for other
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recent ALMA surveys (da Cunha et al. 2015; Aravena et al.
2016). Consistent with previous ALMA-detected sources, the
ALMA-FFs are probing the same massive population of DSFGs,
with stellar masses ranging from 10.0< log[M?/M] <11.5, and
relatively high SFRs (0.9< log[S FR/(Myr−1)] <2.0).
Typical star-forming galaxies have been shown to form a
tight linear relationship in the SFR-M? plane out to z∼3 (e.g.,
Brinchmann et al. 2004; Daddi et al. 2007; Noeske et al. 2007;
Lee et al. 2015; Pannella et al. 2015), dubbed the "Main Se-
quence", while starburst galaxies are found (by definition) to lie
above the relation. Based on the positions of the ALMA-FFs
DSFGs on the SFR-M? diagram (Fig. 7), most are consistent
with lying on the Main Sequence. We divided our sample into
three redshift intervals, in order to better isolate any evolution
between z ∼1.0 and 2.5, as found by Whitaker et al. (2014). For
comparison, we show all objects in public AstroDeep catalogs,
as well as the results from several recent ALMA studies. Again,
the ALMA-FFs generally track some of the most massive objects
between z ∼1.0 and 2.5. Unfortunately, the number of detected
sources and large uncertainties on derived parameters do not al-
low strong constraints on the evolution of this distribution with
redshift (see Fig. 9).
Based on the wavelength range explored by this survey, we
can also constrain the dust properties of the ALMA-FFs DSFGs.
Their dust masses lie in the range 8.1< log[Mdust/M] <8.8,
with an average value of ≈8.3. These are consistent with what
has been observed for the ALESS sample (see Fig. 7 of da
Cunha et al. 2015). Their dust attenuations range from Aν=1.2–
5.2 mag, with an average value of < Aν >=2.8±0.55 mag.
This is a bit higher than what has been reported in the HUDF
(1.52±0.75 mag; Dunlop et al. 2016) but is consistent with
ALESS sources (Aν=0.3–6.6 mag, with < Aν >=2.3+0.8−1.4 mag;
da Cunha et al. 2015). Finally, we find an average dust tempera-
ture of Tdust=42±8 K (error bars are from the standard deviation)
compared to Tdust∼40 K for the ALESS sample.
We also take advantage of the high resolution of HST cam-
eras to measure the optical extents of our objects following the
method described in Laporte et al. (2016). We initially com-
pare the observed angular sizes measured in the HST data with
those measured in the ALMA UV-plane as these should not rely
on assumptions about magnification or redshift. As already dis-
cussed, the ALMA fluxes are tracing the cool dust content of
the galaxies, which is likely to be more compact than the stel-
lar component traced by HST. This trend holds true for seven
of the 12 ALMA-FFs DSFGs (Fig. 8), while the remaining five
have comparable sizes. To obtain physical sizes, we fit half light
radii in the source plane and calculate errors accounting for both
PSF and magnification uncertainties. All of the ALMA-FFs DS-
FGs appear to be resolved, with a half light radii between ≈0.5–
2.5 kpc.
All the properties are reported on Table 3.
5.6. Stacked SED
Given that the ALMA-FFs DSFGs generally exhibit higher dust
attenuation compared to the HUDF and ASPECS samples, a
composite spectrum may prove useful for future spectral fitting.
To this end, we followed the method described in Dunlop et al.
(2016) to compute the stacked SED of all our ALMA 1.1mm
sources, taking the mean flux value and the standard deviation as
error bar, and assuming that each spectra has the same weight.
Thus we de-redshifted all the SEDs to the rest-frame, normal-
ized them to the 1.1mm flux, and then binned the flux per inter-
val of wavelength. The individual and binned SEDs are shown
Fig. 7: M∗ vs. SFR for the ALMA-FFs DSFG sample (red
points) and all field galaxies in the AstroDeep FFs catalogs (grey
points), divided into three redshift ranges (top: 1.0<z<1.5; mid-
dle: 1.5<z<2.0; bottom: 2.0<z<2.5). We also show comparable
objects from several recent ALMA studies (da Cunha et al. 2015
- black points; Aravena et al. 2016 - green points; Dunlop et al.
2016 - blue points). We overplot the Main Sequence established
in each redshift interval by Whitaker et al. (2014) as solid purple
curves, while the dashed curves represent the typical factor of 3
dispersion as suggested in da Cunha et al. (2015).
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Table 3: Physical Properties based on SED analysis
ID z log[M?] log[Mdust] log[SFR] Av Tdust Size µ
[M] [M] [M/yr] [mag] [K] [kpc]
A2744-ID01 2.90 10.72+0.01−0.10 8.34
+0.08
−0.04 1.58
+0.12
−0.05 3.08
+0.02
−0.19 39.87
+4.99
−2.02 1.12 ± 0.17 4.45+0.03−0.05
A2744-ID02 2.48 9.98+0.10−0.09 8.78
+0.01
−0.12 1.76
+0.01
−0.08 2.91
+0.04
−0.17 39.55
+2.11
−2.00 1.66 ± 0.26 2.38 +0.01−0.02
A2744-ID03 2.52+0.23−0.45 11.04
+0.13
−0.09 8.22
+0.19
−0.07 1.51
+0.17
−0.30 2.74
+0.52
−0.28 40.38
+4.57
−6.33 2.87±0.17 3.14 +0.09−0.08
A2744-ID04 1.02+0.32−0.09 10.53
+0.03
−0.11 8.40
+0.19
−0.03 1.77
+0.43
−0.19 3.91
+0.22
−0.73 32.02
+5.42
−1.88 2.46±0.38 2.28 ± 0.06
A2744-ID05 2.01+0.69−0.16 11.51
+0.04
−0.24 8.38
+0.13
−0.11 0.94
+0.28
−0.05 3.57
+0.48
−0.66 41.60
+4.85
−6.65 4.04 ± 0.62 2.31 +0.23−0.18
A2744-ID06 2.08+0.13−0.08 11.14
+0.24
−0.03 8.38
+0.14
−0.13 1.29
+0.30
−0.03 2.97
+0.01
−0.41 44.64
+1.00
−10.29 4.01 ± 0.62 2.62 +0.15−0.13
A2744-ID07 1.85 +0.16−0.14 10.86
+0.07
−0.08 8.23
+0.09
−0.14 1.53
+0.03
−0.38 5.17
+0.07
−0.68 29.45
+11.30
−3.20 1.34±0.24 2.44±0.06
M0416-ID01 2.09 10.53 +0.01−0.01 8.32
+0.08
−0.16 2.07
+0.01
−0.01 1.27
+0.01
−0.01 60.72
+9.63
−0.01 2.00 ± 0.17 1.76±0.01
M0416-ID02 1.95 10.74 +0.01−0.04 8.14
+0.08
−0.11 1.76
+0.04
−0.06 2.02
+0.01
−0.11 53.77
+4.08
−6.12 3.31 ± 0.35 2.32 ± 0.02
M0416-ID03 1.29+0.11−0.39 10.72
+0.01
−0.10 8.34
+0.08
−0.04 1.58
+0.12
−0.05 3.08
+0.02
−0.19 39.86
+4.99
−2.01 4.67±0.37 1.55 ±0.02
M0416-ID04 2.27+0.17−0.61 11.15
+0.04
−0.51 8.13
+0.27
−0.19 1.51
+0.49
−0.05 1.75
+1.16
−0.02 43.91
+7.14
−8.86 2.53 ± 0.29 1.93 +0.09−0.12
M1149-ID01 1.46 10.91+0.02−0.18 8.37
+0.07
−0.44 1.49
+0.05
−0.03 1.24
+0.01
−0.08 37.03
+11.62
−0.78 3.34 ± 0.42 2.51 +0.14−0.10
Columns: (1) ID; (2) Adopted redshifts used with MAGPHYS to estimate physical properties, where italicized values represent
spectroscopic redshifts; (3,4,5,6,7) MAGPHYS estimated stellar masses, dust masses, star formation rates, visual extinctions, and
dust temperatures, respectively, and their associated 1σ errors; (8) size measured on the F140W/WFC3 image, with 1σ errors
including uncertainties from both magnification and PSF; (9) magnification estimates based on the CATS mass models and
Lenstool.
All properties are corrected for magnification.
Fig. 8: Comparison of the observed half light radii mea-
sured on ALMA maps (González-López et al. 2017) and HST
F140W/WFC3 images. Assuming that the magnifications are
similar at 1.1 mm and 1.6µm, more than half of the ALMA-FFs
DSFGs show dust emission which is signficantly more compact
than the stellar activity probed by HST, while the rest exhibit
comparable extents.
in Fig. 10. Interestingly, we do not observe the 8µm feature in
our stacked SED as found in Dunlop et al. (2016), although this
is may be in part because only half of the sample is observed
at 24µm by Spitzer and our constraints may be weaker. Impor-
Fig. 9: Stellar mass vs. redshift for the ALMA-FFs DSFGs (red),
compared to objects from some recent ALMA studies (da Cunha
et al. 2015 in grey; Aravena et al. 2016 in green; and Dunlop
et al. 2016 in blue). The ALMA-FFs survey is probing a rela-
tively wide range of stellar mass at moderate redshift, compara-
ble to other surveys.
tantly, this 8µm feature looks to be particularly strong only in a
few sources within the sample studied by Dunlop et al. (2016),
and therefore may not be present in all SMGs.
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Fig. 10: Stacked SED computed from the 12 ALMA 1.1mm
sources analyzed in this study. The black dots and limits show
the photometry of all the sources after de-redshifting the SEDs
and normalizing them by their 1.1 mm flux density. The red
points present the stacked photometry, where error bars on the
flux densities are derived from the standard deviation in each
bin. The blue curve denotes the SED template from Kirkpatrick
et al. (2015), combining star formation and AGN contributions.
6. Summary and Conclusions
In this paper, we report on the photometric analysis of 12 sources
detected at >5σ on deep ALMA 1.1 mm maps reaching sensitiv-
ities of 55–71 µJy beam−1. We identify optical counterparts for
all of our objects thanks to the high-resolution of ALMA and
the excellent multi-wavelength coverage available in the FFs.
We combine all the data currently available from space ( HST,
Spitzer, Herschel) and ground-based (VLT, ALMA) telescopes in
order to constrain their SEDs over a large range of wavelength.
Based on SED-fitting, we estimate several physical properties of
our sample, such as redshifts, star formation rates, stellar and
dust masses, reddening and dust temperatures and their associ-
ated errors. We take advantage of public cluster mass models
released in the framework of the FFs survey to estimate the light
amplification for our objects, and therefore correct all physical
parameters for lensing effects.
As already demonstrated by several previous studies, photo-
metric redshift estimation for sub-mm galaxies can benefit from
using a wide array of SED templates covering the full UV to ra-
dio wavelength range (of which there are not so many). In order
to get reliable photometric redshifts, we estimate the photomet-
ric redshifts using only optical/NIR SEDs, only FIR SEDs, and
the combined optical/NIR/FIR SEDs. We used a large range of
templates covering optical to sub-mm wavelengths, for several
different types of objects (AGN, ULIRGS, etc...). For several
sources, the photometric redshift estimates from the NIR-SED
and the FIR-SED were not consistent. In general, we adopte
the redshift estimate for which the reduced χ2ν was minimized.
However, the number of photometric constraints in the NIR for
two objects was not sufficient to draw any firm conclusions and
NIR+FIR or FIR SED estimates were adopted. We also take ad-
vantage of the published GLASS spectroscopic survey to ob-
tain spectroscopic redshifts for ≈40% of our sample. Reassur-
ingly, our photometric redshift estimates were in line with these
spectroscopic redshifts for all objects, confirming the method we
used to estimate the photo-z. The redshift range for the ALMA-
FFs DSFGs was z=1.0–2.9, with a mean of 1.99±0.27, that is
in perfect agreement with what has been predicted using phe-
nomenological models. A better estimation of the FIR photom-
etry, especially in terms of deblending, would strongly improve
the quality of the photometric redshift estimates, and therefore
could be used to build new templates combining optical, NIR
and FIR photometry.
We use MAGPHYS, a public SED analysis tool, to estimate
the physical properties of our sample. The best-fitted SEDs im-
ply that the ALMA-FFs DSFGs trace relatively massive star-
forming galaxies with 10.0< log[M?/M] <11.5 and 0.9<
log[S FR/(Myr−1)] <2.0. These values are in good agreement
with previous ALMA studies, for example the 99 SMGs from the
ALESS survey have a mean stellar mass of 10.95+0.6−0.8, where we
found <logM?>=10.82±0.40. The sub-mJy ALMA DSFGs still
appear to probe relatively massive galaxies (log[M?/M] & 10),
albeit with lower SFRs. We demonstrate that ALMA observa-
tions are probing a more compact region that the stellar activity
explored by HST. Their morphologies and colors indicate that
these galaxies remain distinct from the Ly-α emitter and Lyman
Break Galaxy populations at similar redshifts, and demonstrate
that the strong division between the UV and submm/mm selected
objects remains even at these faint fluxes and more modest SFRs
where the two populations share considerable overlap.
Robust spectroscopic confirmation of the ALMA-FFs red-
shifts, either in the NIR or at mm wavelengths, will be crucial
to pin down their nature and properties better, as well as trace
molecular lines that can be used for a variety of star formation
and kinematic diagnostics. The ALMA-FFs sources are factors
of a few brighter than those observed in the HUDFs, and thus
should be easier to follow up.
Acknowledgements. We would like to thank the anonymous referee for the
constructive comments we received to improve our paper. We acknowledge
support from: European Research Council Advanced Grant FP7/669253 (NL,
RSE); CONICYT-Chile grants Basal-CATA PFB-06/2007 (NL, FEB, PT-
I, JG-L, SK, RC, RD, LI, NN, NP, CR-C, ET), conicyt-gemini 32120003
(NL, JG-L), FONDECYT Regular 1141218 (NL, FEB, JG-L) and 1130528
(ET), FONDECYT Postdoctorado 3140542 (PT-I), 3150238 (CR-C) and "EM-
BIGGEN Anillo ACT1101 (FEB, NN, ET); the Ministry of Economy, Devel-
opment, and Tourism’s Millennium Science Initiative through grant IC120009,
awarded to The Millennium Institute of Astrophysics, MAS (FEB, TA, CR-C).
M.A. acknowledges partial support from FONDECYT through grant 1140099.
RP thanks the support of the OCEVU Labex (ANR-11-LABX-0060) and the
A*MIDEX project (ANR-11-IDEX-0001-02) funded by the "Investissements
d’Avenir" French government program managed by the ANR. This paper makes
use of the following ALMA data: ADS/JAO.ALMA#2013.1.00999.S. ALMA is
a partnership of ESO (representing its member states), NSF (USA) and NINS
(Japan), together with NRC (Canada) and NSC and ASIAA (Taiwan), in coop-
eration with the Republic of Chile. The Joint ALMA Observatory is operated by
ESO, AUI/NRAO and NAOJ. This work is based on observations made with the
NASA/ESA Hubble Space Telescope, obtained at the Space Telescope Science
Institute (STScI), which is operated by the Association of Universities for Re-
search in Astronomy, Inc., under NASA contract NAS 5-26555. The HST image
mosaics were produced by the Frontier Fields Science Data Products Team at
STScI. This work is based in part on observations made with the Spitzer Space
Telescope, which is operated by the Jet Propulsion Laboratory, California Insti-
tute of Technology under a contract with NASA. This work utilizes gravitational
lensing models produced by PIs Bradac, Ebeling, Merten & Zitrin, Sharon, and
Williams funded as part of the HST Frontier Fields program conducted by STScI.
STScI is operated by the Association of Universities for Research in Astronomy,
Inc. under NASA contract NAS 5-26555. The lens models were obtained from
the Mikulski Archive for Space Telescopes (MAST).
References
Aravena, M., Decarli, R., Walter, F., et al. 2016, ArXiv e-prints
Atek, H., Richard, J., Kneib, J.-P., et al. 2015, ApJ, 800, 18
Barger, A. J., Cowie, L. L., Sanders, D. B., et al. 1998, Nature, 394, 248
Bertin, E. & Arnouts, S. 1996, A&AS, 117, 393
Article number, page 14 of 18
N. Laporte et al.: The ALMA Frontier Fields Survey
Béthermin, M., De Breuck, C., Sargent, M., & Daddi, E. 2015, A&A, 576, L9
Bolzonella, M., Miralles, J.-M., & Pelló, R. 2000, A&A, 363, 476
Boone, F., Schaerer, D., Pelló, R., et al. 2011, A&A, 534, A124
Bouwens, R. J., Illingworth, G. D., Franx, M., & Ford, H. 2007, ApJ, 670, 928
Brammer, G. B., Marchesini, D., Labbé, I., et al. 2016a, ArXiv e-prints
Brammer, G. B., Marchesini, D., Labbé, I., et al. 2016b, ApJS, 226, 6
Brinchmann, J., Charlot, S., White, S. D. M., et al. 2004, MNRAS, 351, 1151
Bruzual, G. & Charlot, S. 2003, MNRAS, 344, 1000
Casey, C. M., Narayanan, D., & Cooray, A. 2014, Phys. Rep., 541, 45
Castellano, M., Amorín, R., Merlin, E., et al. 2016, ArXiv e-prints
Chapman, S. C., Ivison, R. J., Roseboom, I. G., et al. 2010, MNRAS, 409, L13
Chary, R. & Elbaz, D. 2001, ApJ, 556, 562
Chen, C.-C., Smail, I., Ivison, R. J., et al. 2016, ApJ, 820, 82
Chen, C.-C., Smail, I., Swinbank, A. M., et al. 2015, ApJ, 799, 194
Coleman, G. D., Wu, C.-C., & Weedman, D. W. 1980, ApJS, 43, 393
da Cunha, E., Charlot, S., & Elbaz, D. 2008, MNRAS, 388, 1595
da Cunha, E., Walter, F., Smail, I. R., et al. 2015, ApJ, 806, 110
Daddi, E., Dickinson, M., Morrison, G., et al. 2007, ApJ, 670, 156
Dannerbauer, H., Lehnert, M. D., Lutz, D., et al. 2004, ApJ, 606, 664
Dunlop, J. S., McLure, R. J., Biggs, A. D., et al. 2016, ArXiv e-prints
Egami, E., Rex, M., Rawle, T. D., et al. 2010, A&A, 518, L12
Fioc, M. & Rocca-Volmerange, B. 1997, A&A, 326, 950
Frayer, D. T., Chapman, S. C., Yan, L., et al. 2004, ApJS, 154, 137
González-López, J., Bauer, F. E., Romero-Cañizales, C., et al. 2017, A&A, 597,
A41
Grillo, C., Suyu, S. H., Rosati, P., et al. 2015, ApJ, 800, 38
Hodge, J. A., Carilli, C. L., Walter, F., Daddi, E., & Riechers, D. 2013, ApJ, 776,
22
Infante, L., Zheng, W., Laporte, N., et al. 2015, ArXiv e-prints
Ishigaki, M., Kawamata, R., Ouchi, M., et al. 2015, ApJ, 799, 12
Jauzac, M., Clément, B., Limousin, M., et al. 2014, MNRAS, 443, 1549
Jauzac, M., Richard, J., Jullo, E., et al. 2015, MNRAS, 452, 1437
Johnson, T. L., Sharon, K., Bayliss, M. B., et al. 2014, ApJ, 797, 48
Jullo, E. & Kneib, J.-P. 2009, MNRAS, 395, 1319
Kawamata, R., Ishigaki, M., Shimasaku, K., Oguri, M., & Ouchi, M. 2015, ApJ,
804, 103
Kinney, A. L., Calzetti, D., Bohlin, R. C., et al. 1996, ApJ, 467, 38
Kirkpatrick, A., Pope, A., Sajina, A., et al. 2015, ApJ, 814, 9
Kissler-Patig, M., Pirard, J.-F., Casali, M., et al. 2008, A&A, 491, 941
Laporte, N., Ellis, R. S., Boone, F., et al. 2017, ApJ, 837, L21
Laporte, N., Infante, L., Troncoso Iribarren, P., et al. 2016, ApJ, 820, 98
Laporte, N., Pelló, R., Schaerer, D., et al. 2011, A&A, 531, A74
Laporte, N., Streblyanska, A., Clement, B., et al. 2014, A&A, 562, L8
Laporte, N., Streblyanska, A., Kim, S., et al. 2015, A&A, 575, A92
Lee, N., Sanders, D. B., Casey, C. M., et al. 2015, ApJ, 801, 80
Lotz, J. M., Koekemoer, A., Coe, D., et al. 2017, ApJ, 837, 97
Magnelli, B., Lutz, D., Santini, P., et al. 2012, A&A, 539, A155
Meneghetti, M., Natarajan, P., Coe, D., et al. 2016, ArXiv e-prints
Merlin, E., Amorìn, R., Castellano, M., et al. 2016, ArXiv e-prints
Merten, J., Coe, D., Dupke, R., et al. 2011, MNRAS, 417, 333
Michałowski, M., Hjorth, J., & Watson, D. 2010, A&A, 514, A67
Moustakas, J., Coil, A. L., Aird, J., et al. 2013, ApJ, 767, 50
Noeske, K. G., Weiner, B. J., Faber, S. M., et al. 2007, ApJ, 660, L43
Oke, J. B. & Gunn, J. E. 1983, ApJ, 266, 713
Pannella, M., Elbaz, D., Daddi, E., et al. 2015, ApJ, 807, 141
Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2010, AJ, 139, 2097
Pilbratt, G. L., Riedinger, J. R., Passvogel, T., et al. 2010, A&A, 518, L1
Polletta, M., Tajer, M., Maraschi, L., et al. 2007, ApJ, 663, 81
Rawle, T. D., Altieri, B., Egami, E., et al. 2016, MNRAS, 459, 1626
Richard, J., Jauzac, M., Limousin, M., et al. 2014, MNRAS, 444, 268
Richards, E. A. 1999, ApJ, 513, L9
Schmidt, K. B., Treu, T., Brammer, G. B., et al. 2014, ApJ, 782, L36
Silva, L., Granato, G. L., Bressan, A., & Danese, L. 1998, ApJ, 509, 103
Simpson, J. M., Swinbank, A. M., Smail, I., et al. 2014, ApJ, 788, 125
Smail, I., Ivison, R. J., & Blain, A. W. 1997, ApJ, 490, L5
Smail, I., Ivison, R. J., Blain, A. W., & Kneib, J.-P. 2002, MNRAS, 331, 495
Smith, D. J. B., Dunne, L., Maddox, S. J., et al. 2011, MNRAS, 416, 857
Treu, T., Schmidt, K. B., Brammer, G. B., et al. 2015, ApJ, 812, 114
Vega, O., Clemens, M. S., Bressan, A., et al. 2008, A&A, 484, 631
Vieira, J. D., Marrone, D. P., Chapman, S. C., et al. 2013, Nature, 495, 344
Wang, W.-H., Barger, A. J., & Cowie, L. L. 2012, ApJ, 744, 155
Whitaker, K. E., Franx, M., Leja, J., et al. 2014, ApJ, 795, 104
Wiklind, T., Conselice, C. J., Dahlen, T., et al. 2014, ApJ, 785, 111
Zitrin, A., Fabris, A., Merten, J., et al. 2015, ApJ, 801, 44
Zitrin, A., Zheng, W., Broadhurst, T., et al. 2014, ApJ, 793, L12
Article number, page 15 of 18
A
&
A
proofs:m
anuscriptno.A
L
M
A
2
Table 4: Photometry of the 5σ ALMA detected sources combining HST, VLT, Spitzer and Herschel data.
ID F435W F606W F814W F105W F125W F140W F160W Ks 3.6µm 4.5µm 5.8µm 8.0µm 24µm 100µm 160µm 250µm 350µm 500µm
A2744-ID01 >29.04 28.24 27.52 26.41 25.63 25.01 24.44 23.07 22.22 21.83 blended blended >18.7 >15.4 >14.5 >13.8 >13.4 13.39
- ±0.54 ±0.14 ±0.13 ±0.12 ±0.14 ±0.12 ±0.11 ±0.05 ±0.05 - - - - - - - ±0.26
A2744-ID02 >28.49 >29.75 > 30.09 26.09 25.32 24.61 24.17 24.21 22.66 22.30 21.13 21.04 >18.3 >15.4 >14.5 >13.7 >13.3 >13.6
- - - ±0.13 ±0.12 ±0.14 ±0.12 ±0.15 ±0.50 ±0.50 ±0.50 ±0.50 - - - - - -
A2744-ID03 >28.67 27.34 27.38 25.80 24.73 24.17 23.57 22.46 > 21.1 >20.7 >22.2 >22.2 >18.3 >15.4 >14.5 >13.6 >13.2 >13.4
- ±0.22 ±0.14 ±0.13 ±0.13 ±0.12 ±0.14 ±0.06 - - - - - - - - - -
A2744-ID04 >28.51 >27.8 23.99 22.93 22.49 22.24 21.97 21.28 20.63 20.25 blended blended 18.26 13.38 12.36 12.76 12.53 >12.92
- - ±0.13 ±0.13 ±0.12 ±0.14 ±0.12 ±0.09 ±0.05 ±0.05 - - ±0.36 ±0.06 ±0.05 ±0.21 ±0.30 -
A2744-ID05 >28.46 >28.43 >28.76 26.65 24.84 24.06 23.57 22.38 21.10 20.67 blended blended >18.26 >15.4 >14.5 >13.8 >13.4 >13.7
- - - ±0.13 ±0.12 ±0.14 ±0.12 ±0.08 ±0.05 ±0.05 - - - - - - - -
A2744-ID06 >29.81 26.75 25.77 23.57 22.81 22.39 22.08 21.06 20.65 19.87 blended blended 17.54 14.74 14.24 12.32 >12.61 >12.95
- ±0.14 ±0.22 ±0.30 ±0.12 ±0.14 ±0.12 ±0.08 ±0.05 ±0.05 - - ±0.19 ±0.20 ±0.28 ±0.14 - -
A2744-ID07 >29.81 >29.76 >29.59 27.54 26.45 25.89 25.46 24.03 22.13 21.49 blended blended 18.70 >15.4 >14.5 >13.5 >13.3 >13.9
- - - ±0.15 ±0.12 ±0.14 ±0.12 ±0.20 ±0.05 ±0.05 - - ±0.36 - - - - -
M0416-ID01 22.72 22.53 22.22 22.09 21.86 21.65 21.46 20.82 20.06 19.95 - - - 14.12 13.41 >13.6 >13.4 >13.4
±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.05 ±0.05 ±0.05 - - - ±0.20 ±0.23 - - -
M0416-ID02 26.15 24.96 24.20 23.17 22.52 22.23 22.01 21.12 21.04 20.55 - - - 14.78 13.67 >13.6 >13.4 >13.5
±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.05 ±0.05 ±0.05 - - - ±0.36 ±0.29 - - -
M0416-ID03 >29.30 >29.20 27.02 24.25 23.67 23.35 23.22 21.89 20.52 20.63 - - - 14.39 >13.9 >13.5 >13.4 >13.6
- - ±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.05 ±0.05 ±0.05 - - - ±0.25 - - - -
M0416-ID04 26.69 26.15 25.37 24.49 23.69 23.32 23.01 21.86 21.19 20.86 - - - >14.8 >13.9 >13.5 >13.4 >13.6
±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.05 ±0.05 ±0.05 - - - - - - - -
.M1149-ID01 24.21 23.38 22.48 21.46 21.03 20.83 20.66 - 19.56 19.41 - - - 15.21 14.13 >13.3 >13.4 >13.7
±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.12 ±0.12 - ± 0.05 ± 0.05 - - - ±0.30 ±0.26 - - -
AB magnitude photometry for the ALMA-FF sources. All the magnitudes have been aperture-corrected, are the observed magnitudes and represent the total flux associated with the source.
Columns: (1) ID;
(2,3,4,5,6,7,8) HST magnitudes measured on Frontier Fields images, with non-detections listed as 1σ upper limits;
(9) HAWK-I magnitudes;
(10, 11, 12, 13, 14) IRAC and MIPS magnitudes, with non-detections listed as 1σ upper limits — if deblending was not possible, we adopt as an upper limit the flux measured at the position of the object;
(15, 16, 17, 18, 19) Herschel magnitudes, with non-detections listed as 3σ upper limits, estimated by measuring the flux at the position of our objects.
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Fig. 11: SED-fitting of ALMA 1.1mm sources optical counterpart having a robust measurement of their redshift. For each source,
we plot the best fit of the NIR-SED (blue), the full SED (using upper limits in the FIR, red) and the best SED-fit when the redshift
is fixed to the spectroscopic redshift when available (green).
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